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Available online 27 February 2016Coprolites from the Early Cretaceous vertebrate bone-bed at Ariño in Teruel, Spain, were analyzed geochemically
and palynologically. They contain various inclusions, such as small bone fragments, abundant plant remains,
pollen, and spores. We attribute the coprolites to carnivorous dinosaurs based partly on their morphology
together with the presence of bone fragments, and a high content of calcium phosphate (hydroxylapatite)
with calcite. Well-preserved pollen and spore assemblages were identiﬁed in all coprolite samples and a slightly
poorer assemblage was obtained from the adjacent sediments, both indicating an Early Cretaceous (Albian) age.
This shows that the coprolites are in situ and also conﬁrms previous age determinations for the host strata. The
depositional environment is interpreted as a continental wetland based on the palynoﬂora, which includes
several hydrophilic taxa, together with sparse occurrences of fresh-water algae, such as Ovoidites, and the
absence of marine palynomorphs.
Although the coprolites of Ariño samples generally are dominated by pollen produced by Taxodiaceae (cypress)
and Cheirolepidiaceae (a family of extinct conifers), the sediment samples have a slightly higher relative abun-
dance of fern spores. The distribution of major organic components varies between the coprolite and sediment
samples, which is manifest by the considerably higher charcoal percentage within the coprolites. The high
quantities of charcoal might be explained by a ground-dwelling species, feeding on smaller vertebrates
that complemented its diet with plant material from a paleoenvironment were wild ﬁres were a part of the
ecosystem. The state of preservation of the spores and pollen is also more detailed in the coprolites, suggesting
that encasement in calcium phosphate may inhibit degradation of sporopollenin.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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The Río Martín Cultural Park in Spain hosts a site of signiﬁcant and
world-renowned paleontological heritage. An important assemblage
of Early Cretaceous fossils has been discovered, including bones and
teeth of dinosaurs, ﬁsh, turtles, and crocodiles (Alcalá et al. 2012).
Understanding the diets of these animals depends on analysis of
their teeth, fossilized stomach contents, gastroliths, and coprolites.
Signiﬁcantly, a bone-bed near Ariño (AR-1) has yielded a large number
of coprolites, which are the focus of this study.ero@fundaciondinopolis.org
Villanueva-Amadoz),
dinopolis.org (L. Alcalá).
. This is an open access article underCoprolites are usually composed of irregular, mineralized material
and may contain residues and inclusions that provide direct evidence
of the diets of ancient organisms, trophic relationships, physiology of
digestion, soft tissue preservation, and diagenetic history (Rodríguez
de la Rosa et al., 1998; Chin, 2007). These inclusions can also be altered
through the action of digestive ﬂuids and diagenetic processes; indeed,
recrystallization can destroy themorphology of some organic inclusions
(Chin, 2007). The preservational quality of these inclusions also
depends on the degree of bacterial decomposition that occurred at the
time of burial (Meng and Wyss, 1997), bacteria that possibly also
mediated the phosphatization of the feces (Zatoń et al., 2015).
Although the coprolite inclusions provide information on the diet of
the producing organism, some inclusions can originate from accidental
ingestion. For example, pollen grains can be plentiful in carnivorous
dinosaurs' coprolites but may have been derived from the diet of the
carnivoran's prey. Another source is their adherence to the surface ofthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 2. Stratigraphic log of the AR-1 site (modiﬁed from Aurell et al. 2001), which is
characterized by abundant dinosaur bones and other vertebrate, invertebrate, and plant
remains.
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Fernández-Jalvo 1998). In any event, pollen assemblages preserved
in coprolites can provide valuable insights into the vegetation of the
past ecosystems in which these animals lived, and contribute useful
evidence for regional paleoenvironmental reconstructions (Scott et al.,
2003; Prasad et al., 2005; Bajdek et al. 2014; Zatoń et al., 2015).
Thulborn (1991) concluded that dinosaur droppings were more
likely to survive in environments subject to periodic or cyclic ﬂooding,
such as ﬂoodplains, swamps, lagoons, and the mudﬂats bordering
lakes and estuaries. During such circumstances, they might be voided
on to temporarily dry substrates and at times of inundation; the drop-
pings could be buried rapidly or might be durable enough to survive
transport into deeper water. Dinosaur droppings that fell on to dry
land in arid environments are unlikely to be incorporated in the fossil
record, as they probably tended to decompose and disintegrate entirely
by the action of wind, rain, and coprophages (Edwards and Yatkola,
1974; Thulborn, 1991). However, coprolites can also preserve inmarine
settings and there are examples of this both in Paleozoic (Nakajima
and Izumi, 2014; Zatoń and Rakociński, 2014; Shen et al., 2014) and
Mesozoic successions (Eriksson et al., 2011; Khosla et al., 2015).
This study aims to elucidate the contents of coprolites from the
vertebrate bone-bed at Teruel and to identify the animal that left
these traces. The results contribute to knowledge of the local geology,
the paleoenvironment, the age of the coprolites as compared to
the host strata, and to some extent, also provide insights into Early
Cretaceous vertebrate dietary habits.
2. Geological setting
The sampled bed AR-1 hosting the dinosaur coprolites is located in
the northern part of Teruel province (in Ariño Valley), approximately
90 km northeast of the city of Teruel, Spain (Fig. 1). The locality lies
within the Ariño municipality and is part of an active open cast coal
mine within Río Martín Cultural Park within the Oliete Sub-basin of
the Maestrazgo Basin. In 2011, impressive and important bone-beds
were identiﬁed within the Early Cretaceous successions exposed over
an area covering at least 150,000 m2 (Alcalá et al. 2012).
The single sampled layer (denoted AR-1; Fig. 2) occurs within
the middle member of the Escucha Formation and contains vertebrateAriño
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Fig. 1. Geographical and geological map showing the studied coprolite-bearing strata indicated
Formation near the locality of Ariño in Teruel province, northeastern Spain.(dinosaurs, crocodiles, turtles, ﬁsh), invertebrate (bivalves, gastropods,
ostracods), and plant remains (Martín, 1986; Alcalá et al. 2012;
Villanueva-Amadoz et al., 2015).
The importance of the AR-1 site is that it is the type-locality for eight
taxa; the basal iguanodontian ornithopod Proa valdearinnoensis
(McDonald et al., 2012), the basal nodosaurid ankylosaur Europelta
carbonensis (Kirkland et al., 2013), the most recent European
goniopholidid crocodilians Hulkepholis plotos and Anteophthalmosuchus
escuchae (Buscalioni et al., 2013), theworldwidemost recent record of a
Pleurosternidae turtle, Toremys cassiopeia (Pérez García et al., 2015),km
T
T
Q
Alb
Alb
Apt
Q
Q
T Q
T
J J
18
24
17
12
19
5
12
26
20
B-a
Site Ariño 
AR-1
as AR-1 (after Ríos et al., 1980). This layer corresponds to Albian deposits of the Escucha
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and Theriosynoecum arinnoensis (Tibert et al., 2013).
The Escucha Formation, which ranges from upper Aptian to middle-
upper Albian (Peyrot et al., 2007; Villanueva-Amadoz, 2009), is a
heterolithic unit comprising sandstones, siltstone, andmudstones alter-
nating with shales and some coal seams (Aguilar et al. 1971; Peyrot
et al., 2007). The continental strata of the Escucha Formation uncon-
formably overlie Aptian marine successions (comprising marls and
limestones) and are in turn overlain by the sandstones belonging of
the Utrillas Formation (Aguilar et al., 1971; Pardo 1979; Rodríguez-
López et al., 2009). In recent publications, an Albian age has been
invoked for the AR-1 bed within the Escucha Fm at Teruel based on
charophytes and palynological analyses (Tibert et al., 2013; Villanueva-
Amadoz et al., 2015). The lower sedimentary succession (SSI) comprises
three intervals: (1) a lower limestone-bearing interval, developed on
a carbonate platform with broad lagoons; (2) a middle interval with
coal-bearing deposits, developed on a linear clastic shoreline with
barrier systems and coastal marshes; and (3) an upper muddy interval
characterized by mudstones developed in a low-energy coastal setting.
According to this framework, AR-1 is placed in the middle interval with
coal-bearing deposits. The AR-1 bed has previously been interpreted as
the deposit of a permanent coastal alkaline lake that received episodic
inﬂuence of sea water (Tibert et al., 2013).
3. Material and methods
3.1. Palynology
Six coprolites from the dinosaur locality AR-1, in Ariño Valley, Spain,
were selected for palynological analyses. The specimenswere cut in half
and one half were processed for palynology according to standard
palynological procedures. Additionally, four samples from the host stra-
ta, adjacent to the coprolites were studied palynologically. Quantitative
evaluation of the palynoﬂoras was based on 200 specimens/sample
where possible, and the percentage of each palynomorph taxon was
calculated (Table 1). Palynofacies analysis involved counting the
relative abundance of organic particles based on 300 counts per slide.
The following palynofacies groupings were distinguished: pollen,
spores, wood, plant cuticle, and charcoal (Table 2, Fig. 3).
3.2. Geochemistry
One coprolite was analyzed geochemically using a Philips PW-1830
X-raydiffractometer and a Philips PW-1404X-rayﬂuorescencemeter to
determine its mineral and chemical components, respectively. All
samples were prepared and processed by the technicians at the sample
preparation laboratory and the ﬂuorescence and X-ray diffraction
laboratory of the Museo Nacional de Ciencias Naturales-CSIC.
4. Results
4.1. Description of the coprolites
The studied coprolites have an average length of 60 mm and an av-
erage diameter of 40 mm. They are circular in cross-section, some hav-
ing two convex ends, butmost having one convex and one concave end;
the rounded, concave endwas probably theﬁrst to emerge, whereas the
convex end probably represents the trailing terminus of the fecal body
(Fig. 3).
The studied coprolites are concentrated in certain parts of the host
bed and internally contain a range of inclusions, such as small bone
fragments, abundant plant fragments, pollen, and spores, which provide
information on the vegetation of the environment in which the produc-
ing animal lived. The bone fragments bear signs of corrosion and
are characteristically rounded with polished edges, evidencing heavy
digestion. The major axes of bone fragments are 0.05–0.5 mm long. Inaddition, fossil bacteria are evident through the matrix mainly in the
form of iron spherules under scanning electron microscope.
X-ray diffraction, analyses revealed the coprolites to be composed
mostly of calcium phosphate (hydroxylapatite) and calcite. X-ray ﬂuo-
rescence analyses show that the coprolites have a high proportion of
phosphorous (38.86%) and calcium (40.4%; Table 3), both reﬂecting
the calcium phosphate mineralization.
4.2. Palynology
The samples yielded a well-preservedmedium diversity palynoﬂora
incorporating 38 miospore taxa (20 spore taxa, 16 gymnosperm pollen
taxa, and two angiospermpollen taxa) (Figs. 4 and 5). The coprolites con-
tain 32 miospore taxa, with some variation between the specimens. Ad-
ditionally, fresh-water algae, fungal spores, and insect cuticle were
identiﬁed in some of the coprolites. The sediment samples contain a sim-
ilar miospore diversity (29 taxa). However, these assemblages are less
well preserved compared to those of the coprolites. Overall, the assem-
blages have a slight dominance of gymnosperm pollen over spores;
Classopollis classoides and Perinopollenites elatoides are the dominant pol-
len. This is true for all samples (both coprolite and sediment samples)
with the exception of one of the sediment samples that is dominated
by spores. The dominant spore taxa are Cyathidites minor and
Gleicheniidites senonicus, followed by schizeaceous fern spores. Signiﬁ-
cantly, a few angiosperm pollen grains were identiﬁed both in some sed-
iment samples and in some coprolites (Table 1; Fig. 5).
4.3. Palynofacies analysis
The organicmatter in the samples incorporates pollen, spores, wood
particles (phytoclasts), plant cuticles, and charcoal (Table 2). The
sediment samples are consistently dominated by wood particles
followed by cuticles, whereas the organic matter in the coprolites is
dominated by charcoal followed by cuticle or pollen (Fig. 6).
4.4. Age assessment of the samples
Most taxa in the samples are long-ranging such as Cyathidites spp.,
Gleicheniidites senonicus, Perinopollenites elatoides, Classopollis classoides,
Alisporites spp., and Araucariacites australis. However, there are some
key taxa, such as Appendicisporites tricornitatus (Vajda, 2001), which
ranges from the Berriasian to Santonian (Couper, 1958; Weyland and
Greifeld, 1953), and Cicatricosisporites cooksonii, which extends from
the Bathonian to Albian (Hasenboehler, 1981; Filatoff and Price, 1988;
Vajda and Raine, 2010). Those spores, together with sparse
monocolpate and tricolpate angiosperm pollen grains (such as
Retitricolpites and Striatopollis), indicate that the palynological assem-
blage from bed AR-1 within the Escucha Formation can be assigned to
the Lower Cretaceous. The oldest record of a tricolpate pollen is a single
grain in upper Barremian strata (Phase 4) fromEngland (Hughes, 1994).
This specimen has folds that obscure the aperture hampering a more
precise taxonomic determination. Excluding this solitary occurrence,
undoubtful tricolpate grains have been described from the early Aptian
of the Northern Gondwana ﬂoral province: Israel (Brenner, 1996) and
Brazil (Heimhofer and Hochuli, 2010), among others. The striate
tricolpate pollen Striatopollis spp. appear in the Aptian in the Northern
Gondwana ﬂoral province: Brazil (Crato Formation) (Heimhofer and
Hochuli, 2010), Egypt (Penny, 1988, 1991), and Gabon–Congo (Doyle
et al., 1977), among other localities. In Southern Laurasia (including
the Iberian Peninsula), they appear later, from the early Albian, together
with other tricolpate pollen (Doyle et al., 1977; Hughes andMcDougall,
1990; Doyle, 1992; Heimhofer et al., 2005, 2007; Friis et al., 2011).
Striatopollis paranea extends from the middle Albian to late Campanian
in Laurasia (Singh, 1971; Takahashi, 1997). However, due to the appar-
ent northward expansion of angiosperms, the species may have ap-
peared earlier in the Iberian Peninsula in congruence with the
Table 2
Results of palynofacies analysis based on counts of 300. Relative abundance of thedifferent
organic components present in the samples.
Sample no. Wood Charcoal Cuticles Spores Pollen Total%
AR 1/1 70 1 14 6 9 100
AR 1/2 56 0 27 5 12 100
AR 1/3 42 4 33 9 12 100
AR1/11 47 7 30 5 11 100
CO-AR-2 60 8 22 4 6 100
CO-AR-3 18 18 30 2 32 100
CO-AR-5 22 22 41 5 11 100
CO-AR-6 7 67 7 4 15 100
CO-AR-7 0 94 1 1 3 100
CO-AR-8 13 45 19 12 11 100
Table 1
Distribution of palynomorphs in the examined coprolites with relative abundance in % for each taxa.
CO-AR-2 CO-AR-3 CO-AR-5 CO-AR-6 CO-AR-7 CO-AR-8 AR1-1 AR1-2 AR1-3 AR1-11
Bryophyta (mosses)
Aequitriradites spinolosus 1 1 2
Total Bryophyta 1 1 2
Lycopsida (club mosses)
Camarozonosporites sp. 1
Densoisporites velatus 1 1 1 1 6 1
Leptolepidites verrucatus 1
Total Lycopsida % 1 3 1 1 6 1
Filicopsida (ferns)
Appendicisporites tricornatus 1
Cibotiumspora jurienensis 3 4 3
Cicatricosisporites australiensis 3 1 2 2 1 1 1 1
Cicatricosisporites cooksonii 1 2 1
Cicatricosisporites hallei 3 5 6 3 1 2 2
Cicatricosisporites tersa 3
Cicatricosisporites sp. 1
Concavissimisporites verrucosus 1 3 1 1 3 2 1
Cyathidites australis 1 6 7
Cyathidites minor 25 15 16 15 27 6 5 6 19 27
Cyathidites punctatus 1
Deltoidospora toralis 3 8 8
Gleicheniidites senonicus 6 6 2 5 10 2 4 5 4
Laevigatosporites haardtii 1 1 38 1
Murospora sp. 1
Osmundacidites wellmanii 2 2 2 6 7 6
Total Filicopsida % 35 28 30 21 47 26 42 41 56 45
Gymnospermopsida
Alisporites australis 36 15 4 1 2 3 7
Alisporites grandis 4 3
Araucariacites australis 3 3 11 1 4 3 6 6
Callialasporites trilobatus 1 1 2 1
Callialasporites dampieri 1 2 1
Cerebropollenites macroverrucosus 1 1 1
Classopollis classoides 6 36 11 39 33 23 19 21 21
Cycadopites sp. 1 3 3 4 1
Eucommiidites troedsonii 1 1 1 2 2 1 3 3
Ephedripites multicostatus 1 1 6
Perinopollenites elatoides 17 10 33 18 12 35 14 11 13 17
Pinuspollenites minimus 2 2 3 2 2
Podocarpidites multesimus 1 3 3 3 2
Spheripollenites psilatus 12 5
Vitreisporites bjuvensis 1 6
Bisaccate indet. 5 1 6
Total gymnosperms % 65 70 65 79 53 68 57 55 38 55
Angiosperms
Retitricolpites spp. 1 1 1 1
Striatopollis paranea 1 1
Total angiosperms % 2 1 1 1 1
Other
Ovoides parvus 1 1 3
fungal spore 2
Total other % 1 3 3
TOTAL % 100 100 100 100 100 100 100 100 100 101
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(Tibert et al., 2013; Villanueva-Amadoz et al., 2015), and in line with
this study.
5. Discussion and interpretation
The morphological features, chemical composition and the
inclusions (bone and plant fragments), suggest that the coprolites
were produced by dinosaurs but crocodiles or turtles cannot be ruled
out. Thulborn (1991) reported that coprolites that are of appropriate
age occur in an appropriate continental paleoenvironment, that are of
appropriate size, that contain inclusions that are consistent with what
is known of dinosaur diets, and that occur in sediments that contain
Fig. 3. Selected coprolites from AR-1, Ariño, Spain photographed before being processed for palynology. Scale bar = 1 cm. A. CO-AR-2; B. CO-AR-5; C. CO-AR-7; D. CO-AR-8.
138 V. Vajda et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 464 (2016) 134–142dinosaur fossilsmay be attributed to dinosaurswith a fair degree of con-
ﬁdence. The presence of bone fragments, their phosphatic composition
and consolidated formdemonstrate that the coprolites can be attributed
to a carnivore. The droppings of predatory dinosaursweremore likely to
be preserved as coprolites than were those of herbivorous dinosaurs,
because carnivore droppings tend to be rich in phosphates derived
from undigested skeletal debris of their prey (Chin, 2002; Thulborn,
1991). By contrast, the droppings of herbivores tend to be deﬁcient in
phosphates, and their preservation as coprolites depends on mineral
enrichment (Bradley, 1946). The Ariño Valley coprolites contain a mix-
ture of plant and animal inclusions. It is more likely that carnivores had
accidentally ingestedplantmaterials alongwith their prey than habitual
herbivores would accidentally consume prey animals (Thulborn, 1991).
This supposition is supported by the fact that these coprolites have sim-
ilar compositions, based on the X-ray ﬂuorescence analysis, to those of
large theropod dinosaurs, such as examples from southwestern Sas-
katchewan, Canada (Chin et al., 1998); Alberta, Canada (Chin et al.,Table 3
Chemical composition (percentage) of the coprolite determined by
X-ray ﬂuorescence. LOI: loss on ignition at 600 °C.
Elements In coporolite (%)
SiO2 0.30
Al2O3 0.99
Fe2O3 (total) 4.39
MnO 0.00
MgO 0.08
CaO 40.40
Na2O 0.29
K2O 0.00
TiO2 0.00
P2O5 38.86
LOI 11.35
Trace elements ppm
Zr –
Y 555
Rb –
Sr 509
Cu –
Ni 385
Co 29
Ce 868
Ba –
F 17,185
S 26,825
Cl 94
Cr 11
V 16
Th 30
Nb 3
La 181
Zn 8
Cs –
Pb –2003); and from the Coringa ﬂagstone in the Alcantara Formation,
Brazil (Souto and Fernandes, 2015). These all show high concentrations
of phosphorous (26.5–32.9%) and calcium (27.8–47.7%). Thus, the over-
all phosphatic composition of the Ariño coprolites reﬂects a carnivorous
diet. In contrast, the fecal remains of herbivorous dinosaurs have lower
concentrations of these elements (Souto and Fernandes, 2015). The
presence of plant remains in carnivore coprolites is not uncommon.
For example, several purported hyenid coprolites from an upper Mio-
cene site in Spain contained Pinus (pine) pollen grains as themost com-
monly represented tree taxon, followed by deciduous Quercus (oaks),
Corylus (hazel), and Betula (birch). The most common herbaceous taxa
belonged to Poaceae, Asteraceae (liguliﬂora-type), Artemisia, and
Amaranthaceae–Chenopodiaceae (Pesquero et al., 2011). These con-
tents are interpreted to derive from plants that were selected as the
principal fodder of the herbivores that were consumed by the hyenas.
The inclusion of plant material in the studied coprolites might on the
other hand also indicate an omnivorous species, which opportunistical-
ly complemented its typically carnivorous diet with plants.
The size and shape of the Ariño Valley coprolites are similar to those
from the Alcantara Formation in Brazil. Their cylindrical and ovoid
shapes indicate derivation from a carnivorous vertebrate. Most have
one concave, and one convex end, probably corresponding to compart-
mentalized dropping. This morphology probably resulted from dissoci-
ation during defecation (Thulborn, 1991).
Collectively, the palynological assemblages from the coprolites and
the host strata are similar in their taxonomic composition indicating
that the local ﬂora is indeed reﬂected with little or no reworking
of the surrounding sediments. The ﬂora is typical of the Northern Hemi-
sphere Mesozoic with ferns dominating the ground cover (Bercovici
et al., 2012; Vajda andWigforss-Lange, 2006). The canopywas dominat-
ed by Taxodiaceae and Cheirolepidiaceae and other arborescent conifers
(including Araucariaceae). Tree ferns were subsidiary elements and are
abundant from cool temperate to subtropical environments. The
depositional environment is interpreted as a ﬂoodplain including
ponds. This conformswith the paleobotanical evidence from themiddle
member of the Escucha Formation described by Villanueva-Amadoz
(2009), Villanueva-Amadoz et al. (2015), and Peyrot et al. (2007) who
indicated several horizons that yield abundant gymnosperm pollen
including “Classopollis, Araucariaceae, Taxodiaceae–Cupressaceae and
Alisporites.” Our results also agree well with previous palynological
studies of sediments from the Ariño site (Villanueva-Amadoz et al.,
2015), although no abundance data were presented in that study.
The completeness of the coprolites and their 3-D preservation
indicates very fast or immediate burial of the feces after excretion, which
possibly also explains the better preservation of the organic matter (in-
cluding the miospores) within the coprolites than in the surrounding's
sediment that was subjected to regional transport. This is supported by
previous taphonomic work at this site, suggesting a short transport of pa-
leobotanical remains by water currents (Villanueva-Amadoz et al., 2015).
Interestingly, greater quantities of the organic matter occur in the
coprolites than in the sediment samples indicating that pollen, spores,
Fig. 4. Light micrographs of representative spores and arthropod remain from the studied samples, scale bar = 10 μm. Taxa, sample number and England Finder Reference (EFR) and S
numbers. (A) Cyathidites minor, AR1-11, EFR-N28, S085464. (B) Deltoidospora toralis, AR1-1, EFR-O22/2, S085465. (C) Gleicheniidites senonicus, CO-AR-6, EFR-T34/3, S085466.
(D) Osmundacidites wellmanii, CO-AR-5, EFR-N29/2, S085467. (E) Murospora sp., AR1-11, EFR-S15, S085468. (F) Aequitriradites spinulosus, CO-AR-5, EFR-U20, S085469.
(G) Concavissimisporites verrucosus, CO-AR-3, EFR-S45/3, S085470. (H) Laevigatosporites haardtii, AR1-3, EFR-M41/2, S085471. (I) Cicatricosisporites hallei, AR1-1, EFR-V23/2, S085472.
(J) Cicatricosisporites cooksonii, AR1-1, EFR-S38/4, S085473. (K) Cicatricosisporites tersa tetrad, AR1-11, EFR-O33, S085474. (L) Arthropod exoskeleton fragment (probably insect),
CO-AR-2, EFR-J42, S085475.
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concentrated. This probably occurred as the food passed through the
animal. The higher relative abundance of inert charcoal and miospores
in the coprolites (compared to the adjacent sediments) also suggests
concentration by digestive processes. The fact that non-charred
phytoclasts occur in higher quantities in the sediment compared to
the coprolites can be explained by the fact that the bulk of non-waxy
and non-charred plant material is better preserved if it does not pass
the digestive system (involving both a mechanical and chemical break
down of cellulose). After deposition of the feces, waxy components
such as pollen, spores, and cuticles are also protected from further
mechanical and oxidative degradation as they are encased in dense
phosphatic cement which leads to our ﬁnding of better preservation
of palynological matter inside the coprolites.
It is noteworthy that samples from AR-1 contain charcoaliﬁed plant
remains (mainly Cyparissidium and scarce number of Weichselia
reticulata) indicating that wild ﬁres were a common feature in the
area during the deposition of the successions belonging to the Escucha
(Sender et al., 2015). The occurrence of Early Cretaceous wild ﬁres are
rather well established also from other parts of theworld and especially
for Europe (Brown et al., 2012; Vajda and Bercovici, 2014) and
Weichselia communities (Alvin 1974).
The higher relative abundance of gymnosperm pollen grains in the
coprolites (with the exception of CO-7) is notable. Pollen averages 67%
in the coprolites and 49% in the sediment samples; in both cases,
cypress-related taxa and cheirolepids dominate. Further, discrepancies
are also evident in the high frequency of seed fern (Alisporites) pollenwhich is present within some of the coprolites but far less commonly
in the sediment samples.
The high proportions of wood remains and the high quantities of
charcoal and pollen might be explained by a ground-dwelling species,
which though primarily carnivorous, feeding on smaller vertebrates
complemented its diet with plant material. This is also supported
by the slightly higher amount of a few gymnosperm species in the
coprolites compared to the sediment which might have been actively
foraged. Ground dwelling would lead to the swallowing of soil material
containing wood and charcoal as found in the surrounding sediment. If
prey animals that fed on coarse woody material were ingested by the
dinosaur, it might result in coprolites with considerably higher charcoal
content than the surrounding sediment. Active feeding on charcoal has
been reported for modern vertebrates in exceptional cases (e.g. for red
colobus: Struhsaker et al., 1997; Cooney and Struhsaker, 1997).
Another possibility would be that the animal fed on partially burned
carcasses and/or plant material as the result of a wildﬁre. Given the
recurrence intervals of wildﬁres, which require not only a suitable
climate but also sufﬁcient fuel build up and an ignition source, this
could be considered a rare event. Themore likely scenario is a carnivore
feeding on the stomach contents of a large coarse-plant-feeding herbi-
vore or a small ground-dwelling species consuming material primarily
near the substrate. Either of these would result in coprolites richer in
charcoal.
The interpretation of the local habitat as continental wetland does
not contradict our ﬁndings of charcoal in the sediments and in the
coprolites, since continental wetlands can still be sufﬁciently dry
Fig. 5. Light micrographs of representative pollen from the studied samples, scale bar= 10 μm. Taxa, sample number and England Finder Reference (EFR) and S numbers. (A) Striatopollis
paranea, CO-AR-5, J28, S085476. (B) Eucommiidites troedsonii, AR1-1, EFR-N12, S085477. (C) Classopollis classoides, AR1-11, EFR-N30, S085478. (D) Spheripollenites psilatus, CO-AR-6,
EFR-T10/3, S085479. (E) Ephedripites multicostatus, AR1-1, EFR-J39/2, S085480. (F) Perinopollenites elatoides, CO-AR-6, R33, S085481. (G) Callialasporites trilobatus, CO-AR-5, EFR-N29/2,
S085482. (H) Araucariacites australis, AR1-1, EFR-V31, S085483. (I) Vitreisporites bjuvensis, AR1-3, EFR-O11, S085484. (J) Podocarpidites multesimus, AR1-11, 48/2, S085485.
(K) Alisporites grandis, CO-AR-6, EFR-T39/3, S085486. (L) Alisporites australis, AR1-1, Q18/2, S085487. (M) Ovoidites parvus CO-AR-3, EFR-L22, S085488.
140 V. Vajda et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 464 (2016) 134–142seasonally to support wild ﬁres. Continental wetlands also represent
high-productivity habitats, capable of supporting an extensive fauna
yet seasonably variable (in terms of both temperature and precipita-
tion) to enable recurring ﬁres.
6. Conclusions
• Well-preserved coprolites from the bone-bed, site AR-1 within the
Escucha Formation, Teruel, Spain, possibly derive from a carnivorous
dinosaur (although other tetrapods such as crocodiles cannot entirely
be ruled out) based on morphology, the presence of internal bone
fragments, and the high content of phosphorous and calcium.
• Palynological analysis of coprolites and adjacent sediment samples
reveal a well-preserved palynoﬂora dominated by gymnosperms
(mainly cypress and cheirolepid conifers) and ferns but with sparse
angiosperm pollen. The assemblage is indicative of an Albian age
both for the coprolites and the surrounding sediments indicating
autochthonous preservation of the coprolites.
• Thepreservationalmode of the coprolites and thenature and quality of
their organic contents indicate rapid burial and suggests that encase-
ment in calcium phosphate inhibits degradation of sporopollenin.
• The signiﬁcantly higher relative abundance of conifers and seed fern
pollen within the coprolites (average 67% for coprolites and 49% for
sediment samples) suggests that the animal or its immediate prey
actively selected these plants for its sustenance.• The higher relative abundance of charcoal particles in the coprolites is
enigmatic. The combination of high calcium phosphate content, high
wood and charcoal content could be explained by an omnivorous,
ground-dwelling species feeding close to the ground, or a larger
predator feeding on the stomach contents of large herbivores that in
turn favored coarse, woody components of mid-to canopy storey
plants.Acknowledgment
This article is a contribution to United Nations Educational, Scientiﬁc
and Cultural Organization-International Union of Geological Sciences-
International Geoscience Programme (UNESCO-IUGS-IGCP) Project
632. The researchwas jointly supported by the Swedish Research Coun-
cil (VR grant 2015-04264 to VV) and the Lund University Carbon Cycle
Centre (LUCCI). The Departamento de Educación, Cultura y Deporte,
Gobierno de Aragón (exp. 201/2010, 201/10-2011, 201/10-11-2012,
201/10-11-12-13-2014), the DINOTUR CGL2013-41295-P project
(Ministerio de Economía y Competitividad), Grupo de Investigación
Consolidado E-62 FOCONTUR (Departamento de Innovación,
Investigación y Universidad, Gobierno de Aragón and Fondo Social
Europeo), Instituto Aragonés de Fomento, Fundación SAMCA, Instituto
de Estudios Turolenses and Fundación Conjunto Paleontológico de
Charcoal
Wood
Cuticle
Pollen
Spores
CO-AR-2 CO-AR-5
CO-AR-7
AR- 1/2
CO-AR-8
CO-AR-3
CO-AR-6
AR- 1/3 AR- 1/11AR- 1/1
Sediment samples
Coprolite samples
Fig. 6. Pie charts based on the palynofacies results from the coprolite and the sediment samples. Note the prominent dominance of charcoal particles in the coprolite samples compared to
the sediment samples. For numerical results see Table 2.
141V. Vajda et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 464 (2016) 134–142Teruel-Dinópolis. Thanks to Sociedad Anónima Minera Catalano-
Aragonesa (SAMCA Group) staff, and Eduardo Espílez and Luis Mampel,
co-directors with one of us (LA) of the Ariño paleontological excava-
tions. Russ Harms GeoLab Ltd. is thanked for palynologic al processing.
We ﬁnally would like to acknowledge the two referees for construc-
tive feedback.References
Aguilar, M.J., Ramıírez del Pozo, J., Oriol Riba, A., 1971. Algunas precisiones sobre la
sedimentación y la paleoecología del Cretácico Inferior de la zona de Utrillas-
Villarroya de los Pinares (Teruel). Estud. Geol. 27, 497–512.
Alcalá, L., Espílez, E., Mampel, L., Kirkland, J.I., Ortiga, M., Rubio, D., González, A., Ayala, D.,
Cobos, A., Royo-Torres, R., Gascó, F., Pesquero, M.D., 2012. A new Lower Cretaceous
vertebrate bone-bed near Ariño (Teruel, Aragón, Spain); found and managed in a
joint collaboration between a mining company and a palaeontological park.
Geoheritage 4, 275–286.
Alvin, K.L., 1974. Leaf anatomy of Weichselia based on fusainized material. Palaeontology
17, 587–598.
Andrews, P., Fernández-Jalvo, Y., 1998. 101 uses for fossilized faeces. Nature 393,
629–630.
Aurell, M., Bádenas, B., Casas, A.M., Alberto, S., 2001. La geología del Parque Cultural del
Río Martín. Asoc. Parq. Cult. Río Martín, Zaragoza.
Bajdek, P., Owocki, K., Niedźwiedzki, G., 2014. Putative dicynodont coprolites from the
Upper Triassic of Poland. Palaeogeogr. Palaeoclimatol. Palaeoecol. 411, 1–17.
Bercovici, A., Vajda, V., Pearson, D.A., Villanueva-Amadoz, U., Kline, D., 2012.
Palynostratigraphy of John's Nose, a new Cretaceous-Paleogene boundary section in
southwestern North Dakota, USA. Palynology 36, 36–47.
Bradley, W.H., 1946. Coprolites from the Bridger Formation of Wyoming: their composi-
tion and microorganisms. Am. J. Sci. 244, 215–239.
Brenner, G.J., 1996. Evidence for the earliest stage of angiosperm pollen evolution: a
paleoequatorial section from Israel. In: Taylor, D.W., Hickey, L.J. (Eds.), Flowering
Plant Origin, Evolution and Phylogeny. Chapman & Hall, New York, pp. 91–115.Brown, S.A.E., Scott, A.C., Glasspool, I.J., Collinson, M.E., 2012. Cretaceous wildﬁres and
their impact on the Earth system. Cretac. Res. 36, 162–190.
Buscalioni, A.D., Alcalá, L., Espílez, E., Mampel, L., 2013. European Goniopholididae from
the Early Albian Escucha Formation in Ariño (Teruel, Aragón, Spain). Span. J. Pal.
28, 103–122.
Chin, K., 2002. Analyses of coprolites produced by carnivorous vertebrates. Paleontol. Soc.
Pap. 8, 43–50.
Chin, K., 2007. Thin section analysis of lithiﬁed coprolites (fossil faeces). Microsc.
Microanal. 13, 504–505.
Chin, K., Tokaryk, T.T., Erickson, G.M., Calk, L.C., 1998. A king-sized theropod coprolite.
Nature 393, 680–682.
Chin, K., Eberth, D.A., Schweitzer, M.H., Rando, T.A., Sloboda, W.J., Horner, J.R., 2003.
Remarkable preservation of undigested muscle tissue within a Late Cretaceous
Tyrannosaurid coprolite from Alberta, Canada. Palaios 18, 286–294.
Cooney, D.O., Struhsaker, T.T., 1997. Adsorptive capacity of charcoals eaten by Zanzibar
red colobus monkeys: implications for reducing dietary toxins. Int. J. Primatol. 18,
235–246.
Couper, R.A., 1958. British Mesozoic microspores and pollen grains. A systematic and
statistic study. Palaeontogr. Abt. B 103 (4–6), 75–179.
Doyle, J.A., 1992. Revised palynological correlations of the lower Potomac Group (USA)
and the Cocobeach sequence of Gabon (Barremian–Aptian). Cretac. Res. 13, 337–349.
Doyle, J.A., Biens, P., Doerenkamp, A., Jardiné, S., 1977. Angiosperm pollen from the
pre-Albian Lower Cretaceous of equatorial Africa. Bull. Centr. Rech. Exploration-
Production Elf-Aquitaine 1, pp. 451–473.
Edwards, P.D., Yatkola, D., 1974. Coprolites of White River (Oligocene) carnivorous mam-
mals: origin and paleoecologic and sedimentologic signiﬁcance. Univ. Wyo. Contrib.
Geol. 13, 67–73.
Eriksson, M.E., Lindgren, J., Chin, K., Månsby, U., 2011. Coprolite morphotypes from the
Upper Cretaceous of Sweden: novel views on an ancient ecosystem and implications
for coprolite taphonomy. Lethaia 44, 455–468.
Filatoff, J., Price, P.L., 1988. A pteridacean spore lineage in the Australian Mesozoic. In: Jell,
P.A., Playford, G. (Eds.), Palynological and Paleobotanical Studies in Honour of Basil E.
Balme. Ass. Austr. Palaeont, Sydney, pp. 89–124.
Friis, E.M., Crane, P.R., Pedersen, K.R., 2011. Early Flowers and Angiosperm Evolution.
Cambridge University Press, p. 596.
Hasenboehler, B., 1981. Étude Paleobotanique et palynologique de l'Albien et du
Cenomanien du “Basin Occidental Portugais” au Sud de l'Accident de Nazaré
142 V. Vajda et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 464 (2016) 134–142(Portugal). L'Universite Pierre et Marie Curie (Paris 6). Mém. Sci. Terre, n° 81–29,
348 pp. PhD Thesis (unpublished).
Heimhofer, U., Hochuli, P.A., 2010. Early Cretaceous angiosperm pollen from a low-
latitude succession (Araripe Basin, NE Brazil). Rev. Palaeobot. Palynol. 161,
105–126.
Heimhofer, U., Hochuli, P.A., Burla, S., Weissert, H., 2005. Timing of Early Cretaceous
angiosperm diversiﬁcation and possible links to majorpaleoenvironmental change.
Geology 33, 141–144.
Heimhofer, U., Hochuli, P.A., Burla, S., Weissert, H., 2007. New records of Early Cretaceous
angiosperm pollen from Portuguese coastal deposits: implications for the timing of
the early angiosperm radiation. Rev. Palaeobot. Palynol. 144, 39–76.
Hughes, N.F., McDougall, A.B., 1990. Barremian–Aptian angiospermid pollen records from
southern England. Rev. Palaeobot. Palynol. 65, 145–151.
Hughes, N.F., 1994. The Enigma of Angiosperm Origins. Cambridge University Press,
Cambridge, p. 303.
Khosla, A., Chin, K., Alimohammadin, H., Dutta, D., 2015. Ostracods, plant tissues, and
other inclusions in coprolites from the Late Cretaceous Lameta Formation at Pisdura,
India: taphonomical and palaeoecological implications. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 418, 90–100.
Kirkland, J.I., Alcalá, L., Loewen, M., Espílez, E., Mampel, L., Wiersma, J., 2013. The Basal
Nodosaurid Ankylosaur Europelta carbonensis n. gen., n. sp. from the Lower
Cretaceous (Lower Albian) Escucha Formation of Northeastern Spain. PLoS ONE 8
(12), e80405. http://dx.doi.org/10.1371/journal.pone.0080405.
Martín, L., 1986. Síntesis geológico-minera de las Cuencas lignitíferas de Oliete-Ariño.
Utrillas-Aliaga y Castellote. Madrid: Servicio de Publicaciones, Ministerio de Industria
y Energía, p. 231.
McDonald, A.T., Espílez, E., Mampel, L., Kirkland, J.I., Alcalá, L., 2012. An unusual new basal
iguanodont (Dinosauria: Ornithopoda) from the Lower Cretaceous of Teruel, Spain.
Zootaxa 359, 61–76.
Meng, J., Wyss, A.R., 1997. Multituberculate and other mammal hair recovered from
Paleogene excreta. Nature 385, 712–714.
Nakajima, Y., Izumi, K., 2014. Coprolites from the upper Osawa Formation (upper
Spathian), northeastern Japan: evidence for predation in a marine ecosystem 5 Myr
after the end-Permian mass extinction. Palaeogeogr. Palaeoclimatol. Palaeoecol.
414, 225–232.
Pardo, G., 1979. Estratigrafía y sedimentología de las formaciones detríticas del Cretácico
Inferior terminal en el Bajo Aragón turolense (PhD thesis) University of Zaragoza
(450 pp.).
Penny, J.H.J., 1988. Early Cretaceous striate tricolpate pollen from the Borehole Mersa
Matruh 1, North West Desert. Egypt. J. Microbiol. 7, 201–215.
Penny, J.H.J., 1991. Early Cretaceous angiosperm pollen from the borehole Mersa Matruh
1, North West Desert, Egypt. Palaeontogr. Abt. B 222, 31–88.
Pérez García, A., Espílez, E., Mampel, L., Alcalá, L., 2015. A new European Albian turtle that
extends the known stratigraphic range of Pleurosternidae (Paracryptodira). Cretac.
Res. 55, 74–83.
Pesquero, M.D., Salesa, M.J., Espílez, E., Mampel, L., Siliceo, G., Alcalá, L., 2011. An excep-
tionally rich hyaena coprolites concentration in the Late Miocene mammal fossil
site of La Roma 2 (Teruel, Spain): palaecological and palaeoenvironmental inferences.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 311 (1–2), 30–37.
Peyrot, D., Rodríguez-López, J.P., Lassaletta, L., Meléndez, N., Barrón, E., 2007. Contribu-
tions to the palaeoenvironmental knowledge of the Escucha Formation in the
Lower Cretaceous Oliete Sub-basin, Teruel, Spain. Syst. Palaeontol. 6, 469–481.
Prasad, D., Strömberg, C.A.E., Alimohammadian, H., Sahni, A., 2005. Dinosaur coprolites
and the early evolution of grasses and grazers. Science 310 (5751), 1177–1180.
Ríos, L.M., Beltrán, F.J., Lanaja, J.M., Martín, F.M., 1980. Cartografía geológica y memoria
explicativa. In: Barnolas, A. (Ed.), Mapa Geológico de España 1:50.000, Hoja n° 467
(Muniesa). Madrid: Inst Geol. y Min de España.Rodríguez de la Rosa, R.R., Cevallos-Ferriz, S.R.S., Silva-Pineda, A., 1998. Paleobiological
implications of Campanian coprolites. Palaeogeogr. Palaeoclimatol. Palaeoecol. 142,
231–254.
Rodríguez-López, J.P., Meléndez, N., Soria, A.R., De Boer, P.L., 2009. Reinterpretación
estratigráﬁca y sedimentológica de las formaciones Escucha y Utrillas de la Cordillera
Ibérica. Rev. Soc. Geol. Esp. 22, 163–219.
Scott, L., Fernández-Jalvo, Y., Carrión, J., Brink, J., 2003. Preservation and interpretation of
pollen in hyaena coprolites: taphonomic observations from Spain and southern
Africa. Palaeontol. Afr. 39, 83–91.
Sender, L.M., Villanueva-Amadoz, U., Pons, D., Diez, J.B., Ferrer, J., 2015. Singular tapho-
nomic record of a wildﬁre event from middle Albian deposits of Escucha Formation
in northeastern of Spain. Hist. Biol. 27, 442–452.
Shen, C., Pratt, B.R., Zhang, X.-g., 2014. Phosphatized coprolites from themiddle Cambrian
(Stage 5) Duyun fauna of China. Palaeogeogr. Palaeoclimatol. Palaeoecol. 410,
104–112.
Singh, C., 1971. Lower Cretaceous microﬂoras of the Peace River Area, Northwestern
Alberta. Res. Coun. Alberta Bull. 28, 1–299.
Souto, P.R.F., Fernandes, M.A., 2015. Fossilized excreta associated to dinosaurs in Brazil.
J. S. Am. Earth Sci. 57, 32–38.
Struhsaker, T.T., Cooney, D.O., Siex, K.S., 1997. Charcoal consumption by Zanzibar red
colobus monkeys: its function and its ecological and demographic consequences.
Int. J. Primatol. 18, 61–72.
Takahashi, M., 1997. Fossil spores and pollen grains of Cretaceous (upper Campanian)
from Sakhalin, Russia. J. Plant Res. 110, 283–298.
Thulborn, R.A., 1991. Morphology, preservation and palaeobiological signiﬁcance of
dinosaur coprolites. Palaeogeogr. Palaeoclimatol. Palaeoecol. 83, 341–366.
Tibert, N.E., Colin, J.P., Kirkland, J.I., Alcalá, L., Martín-Closas, C., 2013. Lower Cretaceous
nonmarine ostracodes from an Escucha Formation dinosaur bonebed in eastern
Spain. Micropaleontology 59, 83–91.
Vajda, V., 2001. Aalenian to Cenomanian palynoﬂoras of SW Scania, Sweden. Acta
Palaeontol. Pol. 46, 403–426.
Vajda, V., Wigforss-Lange, J., 2006. The Jurassic-Cretaceous transition of Southern Sweden –
palynological and sedimentological interpretation. Prog. Nat. Sci. 16, 1–38.
Vajda, V., Raine, J.I., 2010. A palynological investigation of plesiosaur-bearing rocks from
the Upper Cretaceous Tahora Formation, Mangahouanga, New Zealand. Alcheringa
34, 359–374.
Vajda, V., Bercovici, A., 2014. The global vegetation pattern across the Cretaceous–
Paleogene mass-extinction interval – an integrated global perspective. Glob. Planet.
Chang. 12, 29–49.
Villanueva-Amadoz, U., 2009. Nuevas aportaciones palinoestratigráﬁcas para el intervalo
Albiense-Cenomaniense en el Sector NE de la Península Ibérica. Implicaciones
paleogeográﬁcas y paleoclimáticas. University of Zaragoza (PhD thesis). (632 pp.).
Villanueva-Amadoz, U., Sender, L.M., Alcalá, L., Pons, D., Royo-Torres, R., Diez, J.B., 2015.
Paleoenvironmental reconstruction of an Albian plant community from the Ariño
bonebed layer (Iberian Chain, NE Spain). Hist. Biol. 27, 430–441.
Weyland, H., Greifeld, G., 1953. Über strukturbietende Blätter und pﬂanzliche
Mikrofossilien aus den Untersenonen Tonen der Gegend von Quedlinburg.
Palaeontogr. Abt. B 30–52.
Zatoń, M., Rakociński, M., 2014. Coprolite evidence for carnivorous predation in a Late
Devonian pelagic environment of southern Laurussia. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 394, 1–11.
Zatoń, M., Niedźwiedzki, G., Marynowski, L., Benzerara, K., Pott, C., Cosmidis, J., Krzykawski,
T., Filipiak, P., 2015. Coprolites of Late Triassic carnivorous vertebrates from Poland: an
integrative approach. Palaeogeogr. Palaeoclimatol. Palaeoecol. 430, 21–46.
